Seizures may directly cause brain injury by disrupting the structure and function of synapses. Previous studies using in vivo time-lapse imaging have demonstrated an acute beading of dendrites and loss of dendritic spines immediately following status epilepticus, but the effects of brief seizures and the long-term evolution of this dendritic injury are unknown. Here, we examined the effects of seizures of varying durations on dendritic structure over several weeks using in vivo multiphoton imaging with kainate-induced seizures in mice. The degree of dendritic injury was directly dependent on the duration of the seizures, with seizures lasting more than 30 min (status epilepticus) resulting in a greater than 75% spine loss. However, even brief seizures (b 5 min) induced moderate dendritic beading and spine loss. The dendritic injury from brief seizures usually recovered within 2 weeks, whereas status epilepticus-induced injury only partially reversed. These studies demonstrate that seizures of all durations may trigger at least transient neuronal injury.
Introduction
Seizures may directly induce brain injury and potentially contribute to neurological and cognitive deficits that frequently occur in epilepsy patients. While seizures can cause neuronal death in some situations, they may also have deleterious effects on neuronal structure and function via a variety of "non-lethal" mechanisms. Dendritic spines represent the main anatomic sites of contact for excitatory, glutamatergic synaptic inputs onto cortical neurons and are strongly implicated in mechanisms of synaptic plasticity and learning. A loss of dendritic spines in neocortex or hippocampus have been observed in pathological specimens from human epilepsy patients (Isokawa and Levesque, 1991; Multani et al., 1994; Scheibel et al., 1974) and animal seizure models (Drakew et al., 1996; Isokawa, 1998; Jiang et al., 1998; Muller et al., 1993; Olney et al., 1983) , suggesting that dendritic spine loss could represent a pathological substrate of memory deficits and other cognitive dysfunction in epilepsy (Swann et al., 2000; Wong, 2005) . However, it is difficult to determine the direct contribution of seizures to dendritic injury, as well as the time course of these changes, based on conventional pathological studies of fixed tissue alone. Recently modern cellular imaging techniques have assessed the direct effects of seizures (Mizrahi et al., 2004; Rensing et al., 2005; Zeng et al., 2007) and ischemia (Risher et al., 2010; Zhang et al., 2005) on dendritic structure in living mice on a very rapid time scale. In particular, kainate-induced status epilepticus can trigger an acute beading of dendrites and loss of dendritic spines of neocortical neurons within minutes (Zeng et al., 2007) . However, whether brief seizures produce similar dendritic changes is unknown, and the long-term consequences of this acute dendritic injury have not been investigated.
In this study, we utilized in vivo multiphoton imaging to examine the dependence of dendritic injury on seizure duration and follow the long-term evolution of seizure-induced dendritic changes over several weeks. Interestingly, even brief seizures, lasting less than 5 min, caused some degree of dendritic spine loss, although this was reversible over time. In contrast, status epilepticus produced severe dendritic injury that persisted for several weeks through the duration of the study.
Materials and methods

Animals
Two-to three-month-old transgenic mice with a C57BL/6 background expressing enhanced green fluorescent protein (GFP) under a thy1 promoter (line GFP-M) were used for all experiments (Feng et al., 2000) . In neocortex, GFP-M mice exhibit expression of GFP in a subpopulation of pyramidal neurons, primarily in cortical layer 5 and, to a lesser extent, layer 2/3. The C57BL/6 genetic background was advantageous for these studies, as this strain of mice is resistant to kainate-induced neuronal death and epileptogenesis (Schauwecker and Steward, 1997; Yang et al., 2005; Zeng et al., 2007) , which otherwise could represent confounding factors in interpretation of our experiments. Care and use of animals conformed to a protocol approved by the Washington University School of Medicine Animal Studies Committee. 
